Aircraft observations of the lower troposphere above a megacity: alkyl nitrate and ozone chemistry, Atmospheric Environment (2014Environment ( ), doi: 10.1016Environment ( /j.atmosenv.2014 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. peroxides (H 2 O 2 , ROOH) altering the O 3 production. In the observations reported here, we found 39 that a strong ozone titration (∆O 3 = -16 ppb), due to a rapid increase of NO x (∆NO x = 27 ppb), 40 corresponds also to a high increase of ΣANs concentrations (∆ΣANs = 3 ppb), and quite stable 41 concentrations of HNO 3 and ΣPNs. Unexpectedly, compared with other megacities, the production 42 of ΣANs is similar to that of O x (O 3 + NO 2 ), suggesting that in the London plume, at least during 43 these observations, the formation of ΣANs effectively removes active NO x and hence reduces the 44 amount of O 3 production. In fact, we found that the ratio between the ozone production and the 45 alkyl nitrates production (observed) approximate the unity; on the contrary the calculated ratio is 7. 46
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3 contribution to the ΣANs production is given by Alkanes. Observations and analysis reported here 50 suggest that in the London plume the high NO x emissions and the chemistry of some VOCs (mainly 51 Alkanes) produce high concentrations of ΣANs competing against the local ozone production. 52 53 M A N U S C R I P T
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4 downwind into a low NO x environment (e.g. Jacob et al, 1999; Day et al., 2002) . In the troposphere, 75 the termination of coupled cycles of NO x and HO x (HO x = OH + HO 2 ) has been studied in detail in 76 recent years due to their impact on peroxy nitrates (ΣPNs), alkyl and multifunctional nitrates 77 (ΣANs) and O 3 formation. When a hydrocarbon (RH) is oxidised by OH, a peroxy radical (RO 2 ) is 78 formed, which can react with NO forming either an alkyl nitrate (R2) or alkoxy radical RO (R3), the 79 latter lead the production of NO 2 and therefore, after its photolysis, produces two molecules of O 3 
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6 in the NO x -HO x coupled cycles (R1-R7 reactions); its implications for the chemical composition of 118 the troposphere have been investigated by several authors in different urban environments. Rosen et 119 al. (2004) measured ΣANs during the Texas Air Quality Study in 2000 (TexAQS-2000) at La Porte 120 and calculated the ratio between the ozone production and the ΣANs production finding slopes of 121 ∆Ox/∆ANs between 29 and 41 that implies a high yield (between 0.065 and 0.047) for alkyl nitrate. 122 Perring et al. (2010) investigated the production of the ΣANs in the Mexico City plume finding that 123 the alkyl nitrates play a significant role in the photochemistry of this urban site since they observed 124
that ΣANs was 10-20% of the NO y and its formation suppresses peak ozone production rates by 125 about 40% . Farmer et al. (2011) used a model and data observed in Mexico City to point out the 126 role of alkyl nitrates in the photochemistry of the lower troposphere: they showed that ANs 127 production can affect the O 3 production. This has implications on the dependence of O 3 production 128
on NO x and VOCs and therefore on designing air quality control strategies since current chemical 129 mechanisms included in urban and regional air quality models omit details of the alkyl nitrates 130 production. 131
The RONOCO (Role of Nighttime chemistry in controlling the Oxidising Capacity of the 132 AtmOsphere) project was carried out to investigate the nocturnal chemistry around the UK during 133 different seasons, with particular attention given to the role of the nitrate radical. In this framework, 134 two airborne campaigns were carried out during July-September 2010 and January 2011. The 135 principal deliverables of the project are: 1) comprehensive measurements of nighttime radicals, 136 their sources and sinks, and aerosol composition in the boundary layer and free troposphere in a 137 range of conditions; 2) quantification of the key processes that control nighttime chemical 138 processes; 3) assessment of the impacts of nighttime chemistry on regional scales; 4) an assessment 139 of the global impacts of nighttime chemistry in the current and future atmospheres (Stone et al., 140 M A N U S C R I P T The observations that will be presented in this work were carried out aboard the UK BAe 146-301 151 atmospheric research aircraft of the Facility for Airborne Atmospheric Measurements (FAAM). 152
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During the RONOCO campaign several instruments were fitted on the BAe-146-301 aircraft, but 153 here only the instruments from which data are used in the analysis are described. NO 2 , ΣPNs and 154
ΣANs were measured using the TD-LIF (Thermal Dissociation -Laser Induced Fluorescence) 155 instrument developed at the University of L'Aquila (Italy). Briefly, the TD-LIF light source is a 156 pulsed YAG-laser (Spectra-Physics, model Navigator I) that emits light at 532 nm with a power of 157 3.8 W, a repetition rate of 15 kHz. The laser beam is steered by two high reflectivity mirrors (99%) 158 before entering the first detection cell through a 5 cm diameter window, and leaves the other side of 159 the cell through another antireflection window. In this configuration the laser radiation is sent 160 sequentially through four cells: after each cell the beam is steered into the subsequent cell using 161 high reflectivity mirrors. The laser power is monitored before and after each cell by four photodiode 162 detectors (UDT55) to compensate the fluorescence counts for the laser power changes. In the first 163 cell is measured directly NO 2 , whereas ΣPNs, ΣANs and HNO 3 are thermally convert into NO 2 and 164 measured as difference between the NO 2 detected by adjacent cells (Day et al., 2002; Di Carlo et al., 165 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 8 tube of 120 cm, 6.4 mm OD and 3.8 mm ID) at a flow rate of ~8.4 l/min and, subsequently, it is 168 split into 4 equal flows to pass through four U-shaped quartz tubes (60 cm length, 6 mm OD, 3.8 169 mm ID). The first quartz tube is not heated because goes to the NO 2 cell, whereas the other are 170 heated at the 3 distinct temperatures reported above to measure in the last three distinct cells ΣPNs, 171
ΣANs and HNO 3 , respectively. The TD-LIF is calibrated using a mixture of high purity zero air and 172 a NIST traceable NO 2 . The detection limits of the TD-LIF, in the RONOCO configuration, are: 9.8 173 pptv, 18.4 pptv, 28.1 pptv and 49.7 pptv (1 s, S/N = 2) for detection of NO 2 by the NO 2 cell, ∑PNs 174 cell, ∑ANs cell and HNO 3 cell, respectively. The accuracy depends on the uncertainty of the 175 standards and mass flow controller used for the calibration and in this configuration is 10%, 22%, 176 34% and 46% for NO 2 cell, ∑PNs cell, ∑ANs cell and HNO 3 cell, respectively. More information 177 about the TD-LIF system, its controller and the calibration system can be found in Di Carlo et al. 178 (2013) and Dari Salisburgo et al. (2009) . 179
The measurements of O 3 and CO were made using a standard TECO 49C UV photometric 180 instrument and an UV fluorescence Aero-Laser AL5002 instrument, respectively (FAAM 181 instruments). Detailed information about the technique and the calibration procedures of those 182 analyzers can be found elsewhere . 183 A chemiluminescent instrument was also used to measure the NO x (FAAM instrument); in this 184 method ambient NO reacts with O 3 generated by the instrument, to produce electronically excited 185 NO 2 , which relaxes and emits a photon. The concentration of NO is directly measured detecting the 186 chemiluminescence light emitted by the excited NO 2 . Ambient NO 2 is detected after a photolytically 187 conversion (using a blue-light LED, centred at 395 nm) into NO (Sadanaga, et al., 2010) . (Hopkins et al., 2002 (Commane et al., 2010; 201 Stone et al., 2011; Stone et al., 2013) . 202
Nitric acid and ammonia were measured using a CIMS (Chemical Ionisation Mass Spectrometry) 203 (University of Manchester); in this method the molecules are charged (soft ionization to form little 204 ion fragmentation) and then detected by a mass spectrometer (Le Breton et al., 2012; Von Bobrutzki 205 et al., 2010) . shown for each M25 run; it is possible to deduce that the NO 2 measured on the ground and that 246 measured in flight show similar features, with lower concentrations at Haringey and higher at 247
Reading. 248
As a result of the NO x plumes a significant ozone titration phenomenon is found, with a strong O 3 249 reduction (∆O 3 = -16 ppb) reaching ~20 ppb ( In this work we estimated the photochemical age of the air for the daytime diurnal flight B548 using 266 both qualitative and quantitative methods. The ratio between NO x and HNO 3 can be used as an 267 approximate indication of the photochemical process state: it is expected that the ratio would 268 decrease with increasing plume age (Perring et al., 2010) . From the time series of the NO x /HNO 3 269 ratio (figure not reported here) two areas can be identified: East and West London regions, 270 corresponding to those described in the paragraph 4. NO NO ratio it is possible also to quantitatively estimate the photochemical age t ∆ 279 that can be defined as (Kleinman et al., 2008; Slowik et al., 2011) (Kleinman et al., 2008; Slowik et al., 2011) and equation (1) can be written as:
For this analysis we used the mean OH concentration measured by the FAGE instrument during the 285
6 molecules cm -3 . In Fig. 4 masses become older and confirms the presence of two regimes (East and West London). As 289 expected, the photochemical age is lower (ranging between 2 and 10 hr and a mean value of about 5 290 hr) over the West London region that is a downwind of London area and over Reading (see Fig. 3 ) 291
indicating that a fresh air plume originated in the London metropolitan area during the rush hour 292 was advected to the west possibly taking in fresh emissions from urban areas on route (i.e. Reading 293 town emissions). 294
In Fig. 5 (upper panel) the trends of the concentrations of NO x , ΣPNs, ΣANs and HNO 3 measured 295 along the M25 motorway as a function of the photochemical age calculated using equation (2) are 296
shown. As expected, increasing the age of the plume decreases the NO x level in favour of an 297 increase of its oxidation products. In several studies the photochemical age of air masses has been estimated using VOCs ratios 303 (Kleinman et al., 2003; Liggio et al., 2010) . Briefly, the photochemical age was based on 304 differential gas phase reaction rates of toluene and benzene with the OH radical. The concentrationM A N U S C R I P T
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14 of the toluene resulting from OH oxidation can be calculated as a function of time ( ) (t C T ) (Liggio 306 et al., 2010) : 307 
315
In our analysis, we cannot use this method because we do not have an initial concentration of 316
) in order to calculate the age; but we can generate, using the 317 lagrangian Hysplit model (Draxler et al., 2003) , the back trajectories starting from a point along the 318 flight trajectory (point R -Reading in Fig. 1 ) and understanding where the air mass was 5 hours 319 before it was sampled. The air masses reach the area with highest NO x (point R in Fig. 1 -above  320 Reading -West London) at 11:00 UTC having come from over the London area earlier (air masses 321 coming from a point in the center of the M25 circle, which is the London metropolitan area, at 322 07:00 UTC). At point R (Fig. 1) 
Ozone budget 347
As illustrated in the Introduction, the diurnal ozone production can be evaluated studying which 348 termination of the reactions cycle (R1)-(R7) is dominant between the reactions (R1)-(R2) (alkyl 349 nitrate production) and (R1) (R3)-(R7) (ozone production). In our case study it is interesting to 350 evaluate the ozone removal and production since the high concentrations of ΣANs measured suggestM A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
that the HO x -NO x coupled reactions cycles leads to a marked production of ΣANs to the detriment of 352 the ozone production. 353
The most significant mechanism of alkyl nitrate production is the reaction between RO 2 and NO; it 354 is expected, therefore, that the VOCs and NO x are well correlated with ΣANs when they are formed. 355
We evaluated the correlation between the ΣANs and the NO x and between ΣANs and different 356
VOCs; in Fig.7 and Fig.8 we reported the results of the scatter plot between the ΣANs and NO x and 357 the toluene, selected for example. We found positive slopes and high correlation coefficients 358 confirming, then, the significant process of alkyl nitrate production that characterized the urban and 359 suburban area around London. 360 This is particularly true in the downwind regions (West London) where there are high 361 concentrations of NO x , locally produced (as above Reading) and transported (as suggested by the 362 measured wind and the back trajectories analysis), demonstrating a reduction of the ozone 363 production in favour of alkyl nitrate production. 364
Several studies investigated the ozone production (Cazorla et al., 2012; Farmer et al., 2011; 365 Kleinman et al., 2005; Perring et al., 2010; Rosen et al., 2004 ) using different approaches. In our 366
analysis we used the model adopted by Cazorla et al. (2012) . In their study, Cazorla et al. (2012) 367 measured the ozone production using a MOPS instrument and compared their measurements with 368 the calculated production rate of ozone (via reactions between HO 2 and RO 2 and NO) and the 369 modelled production rate of ozone (from a box model with the RACM2 mechanism); they found 370 that the measured and calculated 3 O P had similar peaks with a temporal shift during the morning in 371 the calculated 3 O P compared with the ozone production measured; the modelled, in contrast, was 372 about half the measured production rate. In our analysis, we calculated the ozone net production as 373 the difference between the production and the removal of ozone, following Cazorla et al. (2012) : 374
The production and removal ozone terms can be defined using the following kinetic equations: 376 (Bardwell et al., 2005) . 383
The alkyl nitrate production has been evaluated as (Farmer et al., 2011; Perring et al., 2010; Rosen 384 et al., 2004) : 385
where α i is the nitrate branching ratio defined as ) ( Perring et al., 2010; Rosen et 386 al., 2004) where k R2 and k R3 are the reaction constants of the reactions (R2) and (R3) (production of 387 alkyl nitrate and of O 3 (via NO 2 production)), respectively. The mean OH concentration measured 388 by the FAGE during the M25 circuits (1.77×10 6 molecule cm −3 ) was used in the calculation, which 389 was the approach taken for the photochemical air mass evaluation. In Table 1 we summarized the 390 branching ratios α i , the OH rate constants and the VOCs concentrations used for the calculation of 391 the ΣANs production (9) and measured by the WAS-GC-FID instrument. 392
Calculating the ozone removal and production, we observed that the removal term ) ( 3 O l is on 393 average greater than the production term; in Fig. 9 (lower panel) is showed the ozone net production 394 during the diurnal flight B548: it is evident that the net production found is negative and that theM A N U S C R I P T
18 removal process is marked in the high NO x region (solid circles -West London area with younger 396 air masses). 397 Table 1 . The nitrate branching ratios α i , the OH rate constants and the VOCs concentrations used 399 for the calculation of the ΣANs production (9) The ratio between the ozone production (7) and the alkyl nitrates production (9) ( nitrates production is 0.0054 ppt/s). Calculating the contribution to the ANs P Σ of each class of VOCs, 420 we found that they contribute almost for the same amount (36% Alkenes, 32% Alkanes, 31 421
Aromatics and 1% Acetylene). Moreover, the ratio between the ozone and the ΣANs production can 422 be evaluated directly using the measured concentrations of these species as the correlation slope 423 between the O x (to take into account the ozone titration by NO) and the alkyl nitrates (Fig. 10) . As 424 illustrated above, analyzing the ratio of O x and ΣANs it is possible to determine which is the 425 dominant process between the production of O x and the production of ΣANs. In Fig. 10 the 426 dependence between O x and ΣANs during the M25 circuits of the B548 flight is shown; also in this 427 analysis it is possible identify two regimes: one for East, and another for West London. The 428 negative slope (grey circles) corresponds to older and cleaner air (probably emitted before sunrise 429 comparing its negative slope) with wind flowing from the North Sea (see Fig. 3) ; the positive one 430 (black circles) corresponds to high NO x and younger air in the downwind of London region (see 431 Fig. 3 ). At least for these observations, the O x vs ΣANs plot shows a slope of about 1 for the fresh, 432 urban plumes air (lower than 7 hours older). This slope is the lowest compared to that observed in 433 other megacities so far, as reported in Table 2 , where the according with the analysis of Rosen et al. (2004) and Perring et al. (2010) . The values are listed in 438 Table 1 and indicated as i α . In this case we found that the the contribution of some VOCs that we did not measure during the flight, we estimated the 442 ANs P Σ assuming for these VOCs the concentrations collected by Rosen et al. (2004) and Perring et al. 443 (2010) (these species are highlighted in Latin in the Table 1 ). This final simulation allows to reach a 444 445 plumes. From sensitivity tests, made increasing the branching ratios of some VOCs and taking into 486 account the contribution of some unmeasured VOCs, we found that the calculated ratio (7) and (8) 
